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ENHANCED CONTENT POSITIONING

CROSS-REFERENCE TO RELATED
APPLICATION

This patent 1s a continuation of U.S. Application Ser. No.
17/308,197 filed May 5, 2021, which claims the benefit of
U.S. Provisional Application Ser. No. 63/038,990 filed Jun.

15, 2020. U.S. application Ser. No. 17/308,197 and U.S.
Provisional Application Ser. No. 63/038,990 are hereby
incorporated by reference herein 1n their entireties.

TECHNICAL FIELD

The present disclosure generally relates to systems, meth-
ods, and devices that present augmentations and other vir-
tual content based on the position of an electronic device
relative to the device’s physical environment.

BACKGROUND

Various techniques are used to provide augmentations and
other virtual content on electronic devices. Existing tech-
niques may not accurately and eiliciently position such
virtual content relative to other content, such as other
content corresponding to the physical environment in which
the electronic device 1s being used.

SUMMARY

Various 1mplementations disclosed herein include
devices, systems, and methods that track an electronic
device location. Accurately tracking an electronic device
position relative to the device’s physical environment (e.g.,
a 3D model of the device’s physical environment) may
facilitate accurate positiomng of virtual content. For
example, virtual content may be defined at positions relative
to a 3D model of a physical environment. Techniques
disclosed herein accurately track the electronic device’s
position relative to that 3D model of the physical environ-
ment over time. This enables, among other things, presen-
tation of live views of the physical environment at the
clectronic device with accurately-positioned augmentations.
In some implementations, techniques disclosed herein accu-
rately track an electronic device relative to a 3D model of a
physical environment to enable accurately positioning of
virtual content that 1s defined with respect to that 3D model.
For example, augmentations may be positioned with respect
to video pass through or optical-see through views of the
physical environment provided by the electronic device. In
some 1mplementations, the electronic device presents an
extended reality (XR) environment with virtual content
positioned based on the electronic device location.

Various 1mplementations disclosed herein include
devices, systems, and methods that determine an electronic
device position (e.g., latitude, longitude, altitude or coordi-
nates 1 a 3D model of a physical environment) by com-
bining position data generated by different tracking tech-
niques or Irom different sources/sensors. In some
implementations, a first technique (e.g., Visual Localization
(VL)) uses 1mage/depth sensor data to locate the device
relative to a 3D model of an environment while a second
technique (e.g., Visual Inertial Odometry (VIO)) uses
motion sensors to track changes 1n device position over time
in a local environment. In some implementations, a trans-
formation defines the relationship between the 3D coordi-
nate systems used by the different techniques. In some
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implementations, the transformation could be revised each
time the first techmque provides new mmformation or a new

localization for the electronic device (e.g., at each new
localization event). In some 1mplementations, the transior-
mation 1s determined by combining (e.g., averaging) infor-
mation from localization events (e.g., a subset of all local-
1zation events) that are relatively consistent between the two
techniques. In some implementations, an accuracy or con-
sistency of the electronic device position improves over
time.

In some implementations, at an electronic device having
a processor, a method includes obtaiming pairs of first
position data and second position data, the first position data
corresponding to a position of the electronic device 1n a first
coordinate system obtained using a first techmque and the
second position data corresponding to a position of the
clectronic device 1n a second coordinate system obtained
using a second technique. In some implementations, trans-
formations for the pairs are determined, wherein each of the
pairs 1s associated with a transformation that defines a
positional relationship between the first coordinate system
and the second coordinate system based on the first position
data and the second position data of the respective patr.
Then, a subset of the pairs 1s i1dentified based on the
transformations, a subset of the transformations correspond-
ing to the subset of the pairs, and a combined transformation
1s determined based on the subset of the transformations. In
some 1mplementations, content 1s provided on the electronic
device based on the combined transformation.

In some 1implementations, at an electronic device having
a processor, a method includes presenting content on the
clectronic device based on a current transformation that
defines a current positional relationship between a first
coordinate system and a second coordinate system. In some
implementations, an updated transformation 1s obtained that
defines an updated positional relationship between the first
coordinate system and the second coordinate system. Then,
a transformation correction 1s determined based on the
updated transformation and the current transformation, a
portion of the transformation correction 1s applied based on
movement of the electronic device, wherein the portion 1s
less than all of the transformation correction.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the present disclosure can be understood by those
of ordinary skill in the art, a more detailed description may
be had by reference to aspects of some illustrative 1mple-
mentations, some of which are shown 1n the accompanying
drawings.

FIG. 1 1s a diagram of an example operating environment
in accordance with some implementations.

FIG. 2 1s a diagram of an example electronic device 1n
accordance with some implementations.

FIG. 3 1s a diagram 1illustrating an exemplary localization
in accordance with some implementations.

FIG. 4 1s a diagram 1llustrating exemplary virtual content
added to a view of a physical environment 1n accordance
with some 1implementations.

FIG. 5 15 a flowchart illustrating an exemplary method of
determining the position of an electronic device in accor-
dance with some implementations.

FIG. 6 15 a flowchart illustrating an exemplary method of
determining the position of an electronic device in accor-
dance with some implementations.

In accordance with common practice, the various features
illustrated 1n the drawings may not be drawn to scale.
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Accordingly, the dimensions of the various features may be
arbitrarily expanded or reduced for clarity. In addition, some

of the drawings may not depict all of the components of a
given system, method or device. Finally, like reference
numerals may be used to denote like features throughout the
specification and figures.

DESCRIPTION

Numerous details are described 1n order to provide a
thorough understanding of the example implementations
shown 1n the drawings. However, the drawings merely show
some example aspects of the present disclosure and are
therefore not to be considered limiting. Those of ordinary
skill 1n the art will appreciate that other effective aspects or
variants do not include all of the specific details described
herein. Moreover, well-known systems, methods, compo-
nents, devices and circuits have not been described in
exhaustive detail so as not to obscure more pertinent aspects
of the example implementations described herein.

FIG. 1 1llustrates an example operating environment 100
in which electronic device 120 1s used 1n physical environ-
ment 105. A physical environment refers to a physical world
that people can interact with and/or sense without the aid of
clectronic systems. Physical environments, such as a physi-
cal park, include physical articles, such as physical trees,
physical buildings, and physical people. People can directly
sense and/or interact with the physical environment, such as
through sight, touch, hearing, taste, and smell.

In the example of FIG. 1, the device 120 1s 1llustrated as
a single device. Some implementations of the device 120 are
hand-held. For example, the device 120 may be a mobile
phone, a tablet, a laptop, and so forth. In some 1mplemen-
tations, the device 120 1s worn by a user. For example, the
device 120 may be a watch, a head-mounted device (HMD),
and so forth. In some i1mplementations, functions of the
device 120 are accomplished via two or more devices, for
example additionally including an optional base station.
Other examples 1include a laptop, desktop, server, or other
such device that includes additional capabilities 1n terms of
power, CPU capabilities, GPU capabilities, storage capabili-
ties, memory capabilities, and the like. The multiple devices
that may be used to accomplish the functions of the device
120 may communicate with one another via wired or wire-
less communications.

In some 1mplementations, the device 120 1s configured to
manage and coordinate an XR environment for the user 115.
In some 1mplementations, virtual content added to the XR
environment 1s positioned based on a position (e.g., pose) of
the device. In some implementations, the device 120
includes a suitable combination of software, firmware, or
hardware. In some implementations, the device 120 i1s a
computing device that i1s local or remote relative to the
physical environment 105.

According to some implementations, the electronic device
120 presents an XR environment to the user 115 while the
user 115 1s present within the physical environment 105. An
extended reality (XR) environment refers to a wholly or
partially simulated environment that people sense and/or
interact with via an electronic device. For example, the XR
environment may include augmented reality (AR) content,
mixed reality (MR) content, virtual reality (VR) content,
and/or the like. With an XR system, a subset of a person’s
physical motions, or representations thereof, are tracked,
and, 1n response, one or more characteristics of one or more
virtual objects simulated 1n the XR environment are adjusted
in a manner that comports with at least one law of physics.
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As one example, the XR system may detect rotational head
movement and, 1n response, adjust graphical content and an
acoustic field presented to the person in a manner similar to
how such views and sounds would change in a physical
environment. As another example, the XR system may
detect rotational or translational movement of the electronic
device presenting the XR environment (e.g., a mobile phone,
a tablet, a laptop, or the like) and, 1n response, adjust
graphical content and an acoustic field presented to the
person 1n a manner similar to how such views and sounds
would change in a physical environment. In some situations
(e.g., Tfor accessibility reasons), adjustments to
characteristic(s) of graphical content 1n an XR environment
may be made in response to representations ol physical
motions (e.g., vocal commands).

There are many diflerent types of electronic systems that
ecnable a person to sense and/or interact with various XR
environments. Examples include head mountable systems,
projection-based systems, heads-up displays (HUDs),
vehicle windshields having integrated display capability,
windows having integrated display capability, displays
formed as lenses designed to be placed on a person’s eyes
(e.g., similar to contact lenses), headphones/earphones,
speaker arrays, mput systems (e.g., wearable or handheld
controllers with or without haptic feedback), smartphones,
tablets, and desktop/laptop computers. A head mountable
system may have one or more speaker(s) and an integrated
opaque display. Alternatively, a head mountable system may
be configured to accept an external opaque display (e.g., a
smartphone). The head mountable system may incorporate
one or more 1maging sensors to capture images or video of
the physical environment, and/or one or more microphones
to capture audio of the physical environment. Rather than an
opaque display, a head mountable system may have a
transparent or translucent display. The transparent or trans-
lucent display may have a medium through which light
representative of images 1s directed to a person’s eyes. The
display may utilize digital light projection, OLEDs, LEDs,
ulLLEDs, liquid crystal on silicon, laser scanning light source,
or any combination of these technologies. The medium may
be an optical waveguide, a hologram medium, an optical
combiner, an optical reflector, or any combination thereot. In
some 1implementations, the transparent or translucent display
may be configured to become opaque selectively. Projec-
tion-based systems may employ retinal projection technol-
ogy that projects graphical images onto a person’s retina.
Projection systems also may be configured to project virtual
objects into the physical environment, for example, as a
hologram or on a physical surface.

FIG. 2 1s a block diagram of an example device 200.
Device 200 1llustrates an exemplary device configuration for
the device 120. While certain specific features are illus-
trated, those skilled i1n the art will appreciate from the
present disclosure that various other features have not been
illustrated for the sake of brevity, and so as not to obscure
more pertinent aspects of the implementations disclosed
herein. To that end, as a non-limiting example, 1n some
implementations the electronic device 200 includes one or
more processing units 202 (e.g., microprocessors, ASICs,
FPGAs, GPUs, CPUs, processing cores, or the like), one or
more mput/output (I/0) devices and sensors 206, one or

more communication interfaces 208 (e.g., USB, FIRE-
WIRE, THUNDERBOLT, IEEE 802.3x, IEEE 802.11x,

IEEE 802.16x, GSM, CDMA, TDMA, GPS, IR, BLU-
ETOOTH, ZIGBEE, SPI, 12C, or the like type interface),
one or more programming (e.g., I/0) iterfaces 210, one or
more displays 212, one or more interior or exterior facing
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sensor systems 214, a memory 220, and one or more
communication buses 204 for interconnecting these and
various other components.

In some 1implementations, the one or more communica-
tion buses 204 include circuitry that interconnects and
controls communications between system components. In
some 1mplementations, the one or more I/O devices and
sensors 206 include at least one of an 1nertial measurement
unit (IMU), an accelerometer, a magnetometer, a gyroscope,
a thermometer, one or more physiological sensors (e.g.,
blood pressure monitor, heart rate monitor, blood oxygen
sensor, blood glucose sensor, etc.), one or more micCro-
phones, one or more speakers, a haptics engine, one or more
depth sensors (e.g., a structured light, a time-of-tlight, or the

like), or the like.

In some implementations, the one or more displays 212
are configured to present content to the user. In some
implementations, the one or more displays 212 correspond
to holographic, digital light processing (DLP), liquid-crystal
display (LCD), liquid-crystal on silicon (LCoS), organic
light-emitting field-effect transitory (OLET), organic light-
emitting diode (OLED), surface-conduction electron-emitter
display (SED), field-emission display (FED), quantum-dot
light-emitting diode (QD-LED), micro-electro-mechanical
system (MEMS), or the like display types. In some 1mple-
mentations, the one or more displays 212 correspond to
diffractive, reflective, polarized, holographic, etc. wave-
guide displays. For example, the electronic device 200 may
include a single display. In another example, the electronic
device 200 includes a display for each eye of the user.

In some implementations, the one or more interior or
exterior facing sensor systems 214 include an 1image capture
device or array that captures 1image data or an audio capture
device or array (e.g., microphone) that captures audio data.
The one or more 1mage sensor systems 214 may include one
or more RGB cameras (e.g., with a complimentary metal-
oxide-semiconductor (CMOS) 1mage sensor or a charge-
coupled device (CCD) image sensor), monochrome cam-
eras, IR cameras, event-based cameras, or the like. In
various i1mplementations, the one or more image sensor
systems 214 further include an illumination source that
emits light such as a flash. In some implementations, the one
or more 1mage sensor systems 214 further include an on-
camera 1image signal processor (ISP) configured to execute

a plurality of processing operations on the image data.

The memory 220 includes high-speed random-access
memory, such as DRAM, SRAM, DDR RAM, or other
random-access solid-state memory devices. In some 1mple-
mentations, the memory 220 includes non-volatile memory,
such as one or more magnetic disk storage devices, optical
disk storage devices, tlash memory devices, or other non-
volatile solid-state storage devices. The memory 220 option-
ally includes one or more storage devices remotely located
from the one or more processing units 202. The memory 220
comprises a non-transitory computer readable storage
medium.

In some 1mplementations, the memory 220 or the non-
transitory computer readable storage medium of the memory
220 stores an optional operating system 230 and one or more
instruction set(s) 240. The operating system 230 includes
procedures for handling various basic system services and
for performing hardware dependent tasks. In some 1mple-
mentations, the instruction set(s) 240 include executable
software defined by binary information stored 1n the form of
clectrical charge. In some implementations, the instruction
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set(s) 240 are software that 1s executable by the one or more
processing units 202 to carry out one or more of the
techniques described herein.

In some 1mplementations, the instruction set(s) 240
include an XR 1nstruction set 242 that 1s executable by the
processing unit(s) 202 to create, edit, present, or experience
XR environments and a localization instruction set 244 that
1s executable to track an electronic device position relative
to the device’s physical environment (e.g., a 3D model of the
device’s physical environment), which may facilitate posi-
tioning ol virtual content. The XR 1instruction set 242 1s
configured to present virtual content that will be used as part
of XR environments for one or more users. For example, the
user may view and otherwise experience a XR-based user
interface that allows the user to select, place, move, and
otherwise present a XR environment, for example, based on
the virtual content position via hand gestures, voice com-
mands, input device mnputs, efc.

Although the nstruction set(s) 240 are shown as residing
on a single device, 1t should be understood that 1n other
implementations, any combination of the elements may be
located 1n separate computing devices. FIG. 2 1s intended
more as a functional description of the various features
which are present 1n a particular implementation as opposed
to a structural schematic of the implementations described
herein. As recognized by those of ordinary skill 1n the art,
items shown separately could be combined and some items
could be separated. For example, an actual number of
instruction sets and the division of particular functions and
how features are allocated among them will vary from one
implementation to another and, in some implementations,
depends 1n part on the particular combination of hardware,
soltware, or firmware chosen for a particular implementa-
tion.

Various 1mplementations disclosed herein 1include
devices, systems, and methods that determine an electronic
device position (e.g., latitude, longitude, altitude) by com-
bining position data. In some implementations, the position
of the electronic device fuses position data generated by
different tracking techniques or from different sources/sen-
sors. In some implementations, a first technique (e.g., Visual
Localization (VL)) uses image/depth sensor data to locate
the device relative to a 3D model of an environment while
a second technique (e.g., VIO) uses motion sensors to track
changes in device position over time 1n a local environment.
In some 1implementations, a transformation defines the rela-
tionship between the 3D coordinate systems used by the
different techniques. In some 1implementations, the transior-
mation could be revised each time the first technique pro-
vides new information or a new localization for the elec-
tronic device (e.g., at each new localization event). In some
implementations, the transformation i1s determined by com-
bining (e.g., averaging) information from localization events
(c.g., a subset of all localization events) that are relatively
consistent between the two techniques. In some 1implemen-
tations, the position of the electronic device 1s used to
present XR environments generated at the electronic device.

In some implementations, the first tracking technique uses
a 3D representation of the physical environment. In some
implementations, the first tracking technique uses only a
select portion of such a 3D representation. For example, the
clectronic device may access or download a portion of the
3D representation based on an initial position of the elec-
tronic device, e.g., the electronic device may download only
the portion of the 3D representation that 1s viewable from the
initial position of the electronic device. The amount of the
3D representation that i1s accessed or downloaded may
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depend upon a degree of confidence of that mitial geo-
graphic location, e.g., downloading more of the surrounding
viewable portions of the 3D representation when there 1s
relatively less confidence in the 1nitial geographic position.
In some 1mplementations, the 3D representation provides a
3D representation of an entire neighborhood, town, city,
state, country, continent, or even the entire surface layer of
the earth. In some implementations, the 3D representation 1s
generated based on satellite imagery, ground-based, vehicle-
based, or aerial photography, and/or geographic information
system data (e.g., GPS data).

In some 1mplementations, the 3D representation of the
physical environment 1s generated from a data set captured
from multiple sensors including 1mage sensors, depth sen-
sors, LIDAR, GPS sensors, etc. In some implementations,
the 3D representation of the physical environment 1s gen-
erated from the data set that 1s generated by mounting the
multiple sensors to a car (e.g., bike or person) that drives
along streets, roads, highways, etc. capturing 360° repre-
sentations of the geographic locations. In some 1mplemen-
tations, the data from the multiple sensors 1s merged to form
a highly accurate representation of the physical environ-
ment, €.g., a dense 3D point cloud of points having descrip-
tors. The 3D representation of the physical environment may
be used to generate a smaller representation of the physical
environment for a given geographic location. The data may
be very dense. For example, a view from a given position
may include millions or billions of data points. An entire city
may include 100 terabytes or more.

Accordingly, 1n some implementations, depending on the
initial position of the electronic device, a portion of the 3D
representation of the physical environment 1s downloaded to
the electronic device. In some 1implementations, a 15 mx13
m portion of the 3D representation of the physical environ-
ment 1s downloaded to the electronic device. In some
implementations, the downloaded portion can be 2 Mb to
500 Kb to represent a 15x135 m portion. When the confidence
of the 1nitial position of the electronic device 1s greater, an
even smaller portion (e.g., 10 mx15 m, 8 mx10 m) of the 3D
representation of the physical environment 1s downloaded.

In some implementations, the downloaded portion of the
3D representation of the physical environment contains all
points 1n the 15 mx135 m area and all points outside that 15
mx15 m area that are visible from the 15 mx15 m area. For
example. a tall building three blocks away that 1s visible
from the downloaded area would be 1ncluded.

In some implementations, the VL provides a localization
for the electronic device by matching image data from an
image sensor (e.g., camera) on the electric device against the
downloaded 3D representation of the physical environment.
In some 1mplementations, the VL determines the position
(e.g., position (X, v, Z) and orientation (rotation about the x
axis, y axis, Z axis)) of the electronic device by matching
sensor data (e.g., 1image data, depth data, etc.) from the
clectronic device.

In some 1implementations, because of processing capabili-
ties (e.g., runtime and computation requirement restrictions)
at the electronic device, VL provides an updated localization
for the electronic device at a reduced frequency. For
example, VL may update the position of the electronic
device at a rate of 0.2 Hz, 0.5 Hz, or 2 Hz. In some
implementations, a median error of VL 1s around 0.2-2.0 m.
For example, when a median error of VL 1s around 0.6 m,
the position of the electronic device may move or “jump”
more than a meter when a new VL localization for the
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clectronic device 1s obtained. In some implementations, a
small percentage of VL localization may be oil by more than
10 m.

In some implementations, a second tracking technique
(e.g., VIO) 1s used to bridge the time 1ntervals between VL
localizations for the electronic device. For example, a sec-
ond tracking technique may obtain more frequent position
estimates and thus may provide position information during
the interval between localizations events provided by the
first tracking technique. Combining information ifrom both
tracking techniques may thus provide more frequent local-
1zation of the electronic device, as well as provide a means
of ensuring the combined localization obtained based on
both techniques 1s stable with respect to outlier and other-
wise maccurate localization events.

In some 1mplementations, the second tracking technique
uses a VIO system to track the position of the electronic
device 1n the physical environment. In some 1mplementa-
tions, VIO tracks the position the electronic device position
in the physical environment (e.g., the 6 DOF position) 1n
real-time. In some implementations, VIO recalculates or
updates the position of the electronic device position in the
physical environment 1n-between every frame refresh on a
display of the electronic device. For example, VIO recalcu-
lates the position of the electronic device position in the
physical environment 10, 30, or 60 or more times a second.
In some mmplementations, VIO tracks the position using a
visual sensor (e.g., camera system) by matching a point in
the real world to a pixel on the image sensor in each frame
and using an inertial system (e.g., accelerometer and gyro-
scope, inertial measurement unit (IMU), etc.). In some
implementations, VIO tracks the distance that the electronic
device traveled 1n the physical environment. In some 1mple-
mentations, VIO tracks 6 DOF movement in the physical
environment (e.g., 3 DOF of spatial (xyz) motion (transla-
tion), and 3 DOF of angular (pitch/yaw/roll) motion (rota-
tion). In some 1mplementations, VIO 1s implemented by a
software development kit providing an augmented reality
(AR) development platform for electronic devices. In some
implementations, VIO uses simultaneous localization and
mapping (SLAM) technique for estimating motion using
one or more cameras and one or more IMUs to track and
update a map for a physical environment.

In some 1mplementations, the combined position of the
clectronic device 1s obtained by combining the position
reported by VL and VIO, respectively. In some implemen-
tations, at each localization event, a pair of a VL position
(global coordinate system) and a VIO position (local coor-
dinate system) 1s obtained. In some implementations, pairs
of VL poses and VIO poses are stored. In some implemen-
tations, the last 20 pairs of VIO local poses and VL global
poses that were computed on the same camera image are
stored. In some 1mplementations, the pairs of VIO local
poses and VL global poses form a sliding window of a preset
number (e.g., 10, 20, 30) of the most recent pairs. In some
implementations, localization events to {ill the sliding win-
dow of 20 pairs of VIO local poses and VL global poses may
result less than 20 pairs (e.g., S pairs) to evaluate based on
conditions in the physical environment.

For each pair, a transformation 1s determined that defines
a positional relationship between the VL position and VIO
position. In some implementations for each pair, a transior-
mation 1s determined that defines a positional relationship
between the VL position (global coordinate system) and the
VIO position (local coordinate system) based on the same
image data. In some implementations for each pair, a trans-
formation 1s determined that defines a positional relationship
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between the VL position and VIO position using the same
frame(s) or 1image(s). In some 1mplementations, the trans-
formations for the pairs are a 4 DOF transformation. In some
implementations, the transformations are latitude, longitude,
altitude (or X, Y, and 7Z) position transformations and a
rotation transformation about a vertical axis (e.g., the z axis).

For the stored pairs, each pair 1s respectively compared to
the remaining stored pairs by comparing the respective
transformations. In some 1mplementations, the transforma-
tions of the remaining pairs that differ by less than a
threshold difference (e.g., a spatial and rotational threshold)
from the current pair i1s considered consistent with the
current pair. After all stored pairs are evaluated, the pair with
most consistent other pairs 1s selected. The selected pair and
its consistent pairs are considered inlier pairs. In some
implementations, there must be minimum number of inlier
pairs (e.g., 2, 4, 6), otherwise the electronic device 1s not
localized, and the process stops until more localization
events (e.g., pairs of VL and VIO poses received at the VL
update rate) are received. When the electronic device 1s
localized, then the inlier pairs are used to determine a
combined transiformation with four DOF that 1s used to
transform between global system coordinates and local
system coordinates. In some implementations, a current
combined transformation 1s valid until the next VL local-
ization event. In some implementations, the 4 DOF com-
bined transformation 1s computed by first determining the
relative yaw (e.g., average rotation around the vertical-axis)
between the VIO and VL poses for the inlier pairs. Then, the
relative yaw 1s applied to VIO poses of the mlier pairs to get
modified VIO poses, and the relative translation e.g., aver-
age along x, y, z; latitude, longitude, altitude; etc.) is
computed from the modified VIO poses to VL poses of the
inlier pairs. In some 1implementations, the relative yaw and
translation determine a current combined transformation
with 4 DOF that 1s used to transform between global system
coordinates and local system coordinates (e.g., from VL to
V1O 3D coordinates or from VIO to VL 3D coordinates).

FIG. 3 1s a diagram that illustrates exemplary localization
events for an electronic device in accordance with some
implementations. As shown 1n FIG. 3, arrows 310 are VL
global camera poses, and arrows 320 are VIO camera poses.

In some 1mplementations, minor “yumps” 1n the position
ol the electronic device may still occur when updated with
the combined transformation. In some implementations,
minor “qumps” after updating with the combined transior-
mation are noticeable when the electronic device 1s station-
ary, moving very slow, or a user 1s 1mteracting zoomed-in or
up-close with virtual content 1n an XR environment. In some
implementations, a minor “‘qump” of 10 cm or 20 cm 1s
noticeable to the user of the electronic device. Accordingly,
in some implementations, the combined transformation may
not be not immediately applied of fully applied to the
position of the electronic device.

In some implementations, a current combined transior-
mation 1s being used at the electronic device to transform
between VL global coordinates and VIO local coordinates,
when an updated combined transformation 1s obtained. In
some 1mplementations, the updated combined transforma-
tion 1s not immediately applied to the position of the
clectronic device because a “‘correction budget” 1s deter-
mined. In some implementations, the correction budget 1s
based on the current velocity of the electronic device (e.g.,
the more the electronic device 1s moving, the larger the
correction becomes). For example, the translation correction
budget may be 1 cm for every 10 cm translation of the
clectronic device. In another example, the rotation correc-
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tion budget may be 1 degree for every 10 degrees of rotation
of the electronic device. In some implementations, the
correction budget (e.g., translation and rotation) 1s applied to
position of the electronic device until the position 1s 1den-
tical to the updated combined transformation or another
updated combined transformation is received. For example,
if the updated combined transformation 1s a 1 m adjustment
cast and the user 1s moving 40 cm/minute north, a correction
budget 1s 4 cm applied to each frame at a 60 Hz refresh rate
for the display. In this case 1 m would be corrected over 25
frames (e.g., 1 m=100 cm/4 cm=23) or 1n less than a half a
second (e.g., 25 frames/60 fps=>12 second). In some 1mple-
mentations, the correction budget 1s applied to each updated
frame at the update rate of the VIO system (e.g., 60 Hz). In
some 1mplementations, the correction budget 1s applied to
intermittent frames (e.g., every other frame or every 5%
frame) locally updated by the VIO system. In some 1mple-
mentations, the updated combined transformation i1mple-
mented at the electronic device by the correction budget 1s
not noticeable to or seen by the user of the electronic device.

In some implementations, when the updated combined
transformation and the current combined transformation
diverge by more than a translation threshold (e.g., 1 meter)
or a rotation threshold (e.g., 20 degrees), an additional
secondary correction budget 1s implemented on top of the
correction budget. In some 1implementations, the additional
secondary correction budget reduces eflects of or reduces a
length of time for incorrect localizations.

In some 1implementations, virtual content added to the XR
environment 1s positioned based on a 3D geographic loca-
tion. In some implementations, the electronic device 1s used
to present a XR environment to a user of the electronic
device. In some 1implementations, virtual content added to
the XR environment 1s positioned based on the electronic
device location.

FIG. 4 1s a diagram showing virtual content added to an
XR environment based on a geographic position of the
clectronic device. As shown 1n FIG. 4 virtual content arrows
410A and 410B be are added to an XR environment 420
provided 1n a display 430 of an electronic device 440. As
shown 1n FIG. 4, a navigation app has added arrows 410A
and 410B (e.g., based on a position of the electronic device
440) to show the path ((e.g., directions) to a desired goal.
The navigation app 1s providing instructions for the user to
turn right at the next street.

FIG. 5 15 a flowchart illustrating an exemplary method of
determining the position of an electronic device using two
techniques 1n accordance with some implementations. In
some 1mplementations, a first technique (e.g., Visual Local-
ization (VL)) uses image/depth sensor data to locate the
clectronic device relative to a 3D model of an environment
while a second technique (e.g., VIO) simultaneously uses
motion sensors to track changes in the electronic device
position over time. In some 1implementations, a transforma-
tion defines the relationship between the coordinate systems
used by the different techniques. In some 1mplementations,
the transformation could be revised each time the first
technique provides new information (e.g., at each new
localization event). In some 1mplementations, the transior-
mation 1s determined by averaging information from only
localization events that are relatively consistent between the
two techniques. In some implementations, the method 500 1s
performed by a device (e.g., electronic device 120, 200 of
FIGS. 1-2). The method 500 can be performed using an
clectronic device or by multiple electronic devices in com-
munication with one another. In some implementations, the
method 500 1s performed by processing logic, including




US 12,062,211 Bl

11

hardware, firmware, software, or a combination thereof. In
some 1mplementations, the method 500 1s performed by a
processor executing code stored in a non-transitory com-

puter-readable medium (e.g., a memory).
At block 510, the method 500 obtains pairs of first

position data and second position data, the first position data
corresponding to a position of the electronic device 1n a first
coordinate system obtained using a first technique and the
second position data corresponding to position of the elec-
tronic device 1n a second coordinate system obtained using,
a second techmique. In some implementations, the {first
technique uses an 1mage or depth sensor data to locate the
clectronic device relative to a 3D model of a physical
environment (e.g., Visual Localization (VL) technique). In
some 1mplementations, the second technique 1s based on a
visual data and inertial data 3D model of the physical
environment 1n a local coordinate system (e.g., Visual Iner-
t1al Odometry (VIO) technique). In some implementations,
the pairs of first position data and second position data may
form a slhiding window of a fixed number of pairs of
VL-based device poses 1n a global coordinate system and
VI1O-based device poses in a local coordinate system. In
some 1mplementations, the position data produced by the
different techniques have diflerent data update rates.

At block 520, the method 500 determines transformations
for the pairs, wherein each of the pairs 1s associated with a
transformation that defines a positional relationship (e.g.,
pose) between the first coordinate system and the second
coordinate system based on the first position data and the
second position data of the respective pair. In some 1mple-
mentations, the transformations may account for drift in the
second position data. In some 1implementations, the trans-
formations are a 4DOF transformation. In some implemen-
tations, the transformations include X, Y, and 7 position
transformations and a rotation transformation about a ver-
tical axis

At block 530, the method 500 identifies a subset of the
pairs based on the transformations, a subset of the transior-
mations corresponding to the subset of the pairs. In some
implementations, identifying the subset of the pairs includes
identifyving the subset of the transtormations that differ by
less than a threshold difference (e.g., a spatial and rotational
threshold). In some 1implementations, 1dentifying the subset
of pairs compares a relative transformation of a first pair of
first position data and second position data with all other
pairs to determine whether the other pairs have relative
transformations that are consistent with (e.g., within a
threshold difference of) the relative transformation of the
first pair. In some 1mplementations, the pairs that are con-
sistent with the first pair and the first pair are considered
inlier pairs. In some 1mplementations, the single pair with
the highest number of consistent other pairs forms the subset
of pairs (e.g., ilier pairs).

At block 540, the method 500 determines a combined
transformation based on the subset of the transformations. In
some 1implementations, determining the combined transfor-
mations includes combining the transformations of the sub-
set of pairs. In some implementations, determining the
combined transformations includes combimng the 4 DOF
transformations of the subset of pairs (e.g., rotation about
vertical axis and X, vy, z). In some 1implementations, deter-
mimng the combined transtormation based on the subset of
the transformations includes averaging of the subset of the
transformations corresponding to the subset of pairs. In
some 1mplementations, determining the combined transior-
mation based on the subset of the transformations includes
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weighted averaging of the subset of the transformations
corresponding to the subset of pairs.

At block 550, the method 500 provides content on the
electronic device based on the combined transformation. In
some 1implementations, providing content includes present-
ing virtual content based on the combined transformation.

For example, augmented content’s position may be defined
relative to the first global coordinate system (e.g., relative to
a 3D model used by the first technique) and may be
presented on the electronic device based on the local coor-
dinate system (used by VIO) and the combined transforma-
tion. In some implementations, the combined transformation
may be redetermined as each new pair of position data 1s
received.

In some 1mplementations at block 510, the method 500
obtains pairs of first position data and second position data
based on 1mage(s) of the physical environment captured by
an 1mage sensor at the electronic device. In some 1mple-
mentations, the image sensor can be a RGB camera, a depth
sensor, a RGB-D camera, monochrome cameras, one or
more 2D cameras, event cameras, IR cameras, or the like. In
some 1implementations, combinations of sensors are used. In
some i1mplementations, one or more sensors are used to
generate an XR environment representing the physical envi-
ronment at the electronic device. In some implementations,
color 1images can be used. Alternatively, 1n some implemen-
tations, grayscale images can be used.

FIG. 6 1s a flowchart illustrating an exemplary method of
determining the position of a device using two different
techniques 1n accordance with some implementations. In
some 1mplementations, a transformation defines the rela-
tionship between the coordinate systems used by the differ-
ent techniques. In some implementations, the transformation
1s applied gradually over multiple frames based on move-
ment of the electronic device. In some implementations, the
transformation could be revised each time one technique
provides new information (e.g., at each new localization
cvent). In some implementations, the transformation 1is
determined using information from only localization events
(c.g., mlier pairs) that are relatively consistent between the
two techniques. In some implementations, a first technique
(e.g., VL) uses image/depth sensor data to locate the device
relative to a 3D model of an environment while a second
technique (e.g., VIO) uses motion sensors to track changes
in device position over time. In some implementations, the
method 600 1s performed by a device (e.g., electronic device
120, 200 of FIGS. 1-2). The method 600 can be performed
using an electronic device or by multiple devices 1n com-
munication with one another. In some 1implementations, the
method 600 1s performed by processing logic, including
hardware, firmware, software, or a combination thereof. In
some 1mplementations, the method 600 i1s performed by a
processor executing code stored in a non-transitory com-
puter-readable medium (e.g., a memory).

At block 610, the method 600 presents content on an
clectronic device based on a current transformation that
defines a current positional relationship between a first
coordinate system and a second coordinate system. In some
implementations, the first coordinate system 1s obtained
using a first technique and the second coordinate system 1s
obtained using a second techmique. In some implementa-
tions, the first technique uses 1mage or depth sensor data to
locate the electronic device relative to a 3D model of a
physical environment in a global coordinate system (e.g.,
VL). In some implementations, the second technique uses
visual data and 1nertial data to locate the electronic device
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relative to a visual data inertial 3D model of the physical
environment 1n a local coordinate system (e.g., VIO).

In some 1mplementations, pairs of first position data and
second position data are obtained, the first position data
corresponding to the position of the electronic device in the
first coordinate system and the second position data corre-
sponding to the position of the electronic device in the
second coordinate system. In some implementations, the
position data produced by the different techniques have
different data update rates. In some 1mplementations, the
current transformation defines the current positional rela-
tionship by comparing a first position determined based on
matching image data with a 3D representation of a physical
environment (VL) and with a second position determined
based on 1mage and/or sensor data (e.g., VIO).

At block 620, the method 600 obtains an updated trans-
formation that defines an updated positional relationship
between the first coordinate system and the second coordi-
nate system. In some implementations, an updated pair of
first position data and second position data are obtained, and
used to determine the updated transformation that defines
the updated positional relationship between the first coordi-
nate system and the second coordinate system.

At block 630, the method 600 determines a transforma-
tion correction based on the updated transformation and the
current transformation. In some implementations, the trans-
formation correction 1s the diflerence between the updated
transformation and the current transformation. In some
implementations, the transformation correction, the updated
transformation, and the current transformation are 4DOF
transformations (e.g., X, v, z and rotation around a vertical
axis).

At block 640, the method 600 applies a portion of the
transformation correction based on movement of the elec-
tronic device, wherein the portion i1s less than all of the
transformation correction. In some implementations, apply-
ing a portion ol the transformation correction includes
determining a correction budget based on movement (e.g.,
positional and rotation) of the electronic device and correct-
ing only the portion of the correction corresponding to the
correction budget 1n a current frame. In some 1mplementa-
tions, the transformation correction 1s spread across multiple
sequential frames displayed on the electronic device. In
some implementations, the transformation correction 1s
spread across multiple frames (e.g., mtermittent or non-
sequential frames) displayed on the electronic device.

In some implementations, determining the correction bud-
get 15 based on a velocity of the electronic device. In some
implementations, determining the correction budget 1s based
on a rotation of the electronic device. In some 1mplemen-
tations, the correction budget 1s applied to each of a plurality
of subsequent frames of the electronic device. In some
implementations, the correction budget 1s 10% of the trans-
formation correction. In some implementations, the correc-
tion budget 1s 10% of the transformation correction and the
correction budget 1s applied at VIO frame rate until complete
(¢.g., the updated transformation 1s being applied).

In some implementations, the transformation correction 1s
compared to a threshold and a second correction 1s deter-
mined when the transformation correction of the electronic
device 1s above the threshold. In some implementations, a
portion of the second correction 1s combined with the
portion of the transformation correction, wherein the portion
of the second correction 1s less than all of the of the second
correction. In some implementations, a portion of the second
correction 1s a second correction budget that 1s combined
with the correction budget and 1s applied at VIO frame rate
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until complete (e.g., the updated transformation 1s being
applied). In some implementations, the threshold 1s 1 m
translation (1n X, y, z coordinates) or 10 degrees rotation
around the vertical axis (vaw).

Various 1mplementations disclosed herein 1nclude
devices, systems, and methods that provide electronic device
tracking including various features described herein (e.g.,
individually or in combination).

Numerous specific details are set forth herein to provide
a thorough understanding of the claimed subject matter.
However, those skilled in the art will understand that the
claimed subject matter may be practiced without these
specific details. In other instances, methods, apparatuses, or
systems that would be known by one of ordinary skill have
not been described 1n detail so as not to obscure claimed
subject matter.

Unless specifically stated otherwise, 1t 1s appreciated that
throughout this specification discussions utilizing the terms
such as “processing,” “computing,” “calculating,” *“deter-
mining,” and “identitying” or the like refer to actions or
processes of a computing device, such as one or more
computers or a similar electronic computing device or
devices, that manipulate or transform data represented as
physical electronic or magnetic quantities within memories,
registers, or other information storage devices, transmission
devices, or display devices of the computing platform.

The system or systems discussed herein are not limited to
any particular hardware architecture or configuration. A
computing device can include any suitable arrangement of
components that provides a result conditioned on one or
more inputs. Suitable computing devices include multipur-
pose microprocessor-based computer systems accessing
stored software that programs or configures the computing
system from a general purpose computing apparatus to a
specialized computing apparatus implementing one or more
implementations of the present subject matter. Any suitable
programming, scripting, or other type of language or com-
binations of languages may be used to implement the
teachings contained herein in software to be used 1n pro-
gramming or configuring a computing device.

Implementations of the methods disclosed herein may be
performed 1n the operation of such computing devices. The
order of the blocks presented 1n the examples above can be
varied for example, blocks can be re-ordered, combined, or
broken into sub-blocks. Certain blocks or processes can be
performed 1n parallel.

In accordance with some implementations, a device
includes one or more processors, a non-transitory memory,
and one or more programs; the one or more programs are
stored in the non-transitory memory and configured to be
executed by the one or more processors and the one or more
programs 1nclude instructions for performing or causing
performance of any of the methods described herein. In
accordance with some implementations, a non-transitory
computer readable storage medium has stored therein
instructions, which, when executed by one or more proces-
sors of a device, cause the device to perform or cause
performance of any of the methods described herein. In
accordance with some implementations, a device includes:
Oone Or more processors, a non-transitory memory, and
means for performing or causing performance of any of the
methods described herein.

The use of “adapted to™ or “configured to” herein 1s meant
as open and inclusive language that does not foreclose
devices adapted to or configured to perform additional tasks
or steps. Additionally, the use of “based on™ 1s meant to be
open and 1nclusive, 1n that a process, step, calculation, or
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other action “based on” one or more recited conditions or
values may, 1n practice, be based on additional conditions or
value beyond those recited. Headings, lists, and numbering
included herein are for ease of explanation only and are not
meant to be limiting.

It will also be understood that, although the terms “first,”
“second,” etc. may be used herein to describe various
objects, these objects should not be limited by these terms.
These terms are only used to distinguish one object from
another. For example, a first node could be termed a second
node, and, similarly, a second node could be termed a first
node, which changing the meaning of the description, so
long as all occurrences of the “first node” are renamed
consistently and all occurrences of the “second node” are
renamed consistently. The first node and the second node are
both nodes, but they are not the same node.

The terminology used herein 1s for the purpose of describ-
ing particular implementations only and 1s not intended to be
limiting of the claims. As used 1n the description of the
implementations and the appended claims, the singular
forms “a,” “an,” and “the” are intended to include the plural
torms as well, unless the context clearly indicates otherwise.
It will also be understood that the term “or” as used herein
refers to and encompasses any and all possible combinations
of one or more of the associated listed items. It will be
turther understood that the terms “comprises” or “compris-
ing,” when used 1n this specification, specity the presence of
stated features, integers, steps, operations, objects, or com-
ponents, but do not preclude the presence or addition of one
or more other features, integers, steps, operations, objects,
components, or groups thereof.

As used herein, the term “11” may be construed to mean
“when” or “upon” or “in response to determining” or “in
accordance with a determination” or “in response to detect-
ing,” that a stated condition precedent is true, depending on
the context. Similarly, the phrase “if it 1s determined [that a
stated condition precedent 1s true]” or “if [a stated condition
precedent 1s true]” or “when [a stated condition precedent 1s
true]” may be construed to mean “upon determining” or “in
response to determining” or “in accordance with a determi-
nation” or “upon detecting” or “in response to detecting”
that the stated condition precedent 1s true, depending on the
context.

The foregoing description and summary of the mnvention
are to be understood as being 1n every respect 1llustrative and
exemplary, but not restrictive, and the scope of the invention
disclosed herein 1s not to be determined only from the
detailed description of illustrative implementations, but
according to the full breadth permitted by patent laws. It 1s
to be understood that the implementations shown and
described herein are only 1llustrative of the principles of the
present invention and that various modification may be
implemented by those skilled 1in the art without departing
from the scope and spirit of the mnvention.

What 1s claimed 1s:

1. A non-transitory computer-readable storage medium
storing program instructions executable via one or more
processors to perform operations comprising:

obtaining pairs of first position data and second position

data, the first position data corresponding to position of
an electronic device 1 a first coordinate system
obtained using a {irst technique and the second position
data corresponding to position of the electronic device
in a second coordinate system obtained using a second
technique;

determining transformations for the pairs, wherein each of

the pairs 1s associated with a transformation that defines
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a positional relationship between the first coordinate
system and the second coordinate system based on the
first position data and the second position data of a
respective pair;

identifying a subset of the pairs based on the transforma-

tions, a subset of the transformations corresponding to
the subset of the pairs;

determiming a combined transformation based on the

subset of the transformations; and

providing content on the electronic device based on the

combined transformation.

2. The computer-readable storage medium of claim 1,
wherein the instructions are further executable to perform
operations comprising;:

obtaining image data of a physical environment, wherein

the first position data and the second position data are
based on the image data of the physical environment.

3. The computer-readable storage medium of claim 1,
wherein the first position data 1s based on a predetermined
image and depth data of a physical environment.

4. The computer-readable storage medium of claim 1,
wherein the second position data 1s based on a visual data
and 1nertial data of a physical environment.

5. The computer-readable storage medium of claim 1,
wherein the pairs comprise a set of a fixed number of most
recent pairs of the first position data and the second position
data, wherein the first position data 1s updated at a first rate
and the second position data 1s updated at a second rate that
1s higher than the first rate.

6. The computer-readable storage medium of claim 1,
wherein the transformations comprise a X, Y, and Z position
transformation and a rotation transformation about a vertical
axis.

7. The computer-readable storage medium of claim 1,
wherein 1dentifying the subset of the pairs based on the
transformations comprises identifying the subset of the
transformations that differ by less than a threshold differ-
ence.

8. The computer-readable storage medium of claim 1,
wherein determining the combined transformation based on
the subset of the transformations comprises a weighted
averaging ol the subset of the transformations.

9. The computer-readable storage medium of claim 1,
wherein the instructions are further executable to perform
operations comprising:

providing virtual content at the electronic device, wherein

a position of the virtual content 1s defined relative to the
first coordinate system and the virtual content 1s pre-
sented on the electronic device based on the first
coordinate system and the combined transformation or
the position of the virtual content i1s defined relative to
the second coordinate system and the virtual content 1s
presented on the electronic device based on the second
coordinate system and the combined transformation.

10. The computer-readable storage medium of claim 1,
wherein the instructions are further executable to perform
operations comprising;:

determining a transformation correction based on an

updated transformation that defines an updated posi-
tional relationship between the first coordinate system

and the second coordinate system; and

applying a portion of the transformation correction based
on movement of the electronic device, wherein the
portion 1s less than all of the transformation correction.
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11. An electronic device comprising:

one or more processors; and

memory storing instructions that, when executed by the

one or more processors, cause the electronic device to

perform operations comprising:

presenting content based on a current transformation
that defines a current positional relationship between
a first coordinate system and a second coordinate
system:

obtaining an updated transformation that defines an
updated positional relationship between the first
coordinate system and the second coordinate system:;

determining a transiformation correction based on the
updated transformation and the current transforma-
tion; and

applying a portion of the transformation correction
based on movement of the electronic device, wherein
the portion 1s less than all of the transformation
correction.

12. The electronic device of claim 11, wherein to apply
the portion of the transformation correction based on the
movement of the electronic device, the instructions, when
executed, cause the electronic device to perform operations
comprising;

determining a correction budget based on a velocity of the

electronic device; and

correcting only the portion of the correction correspond-

ing to the correction budget 1n a plurality of subsequent
frames displayed by the electronic device.

13. The electronic device of claim 11, wherein to apply
the portion of the transformation correction based on the
movement of the electronic device, the instructions, when
executed, cause the electronic device to perform operations
comprising:

determining a rotation correction budget based on a

rotation rate around a vertical axis of the electronic
device; and

correcting only a portion of the transformation correction

corresponding to the rotation correction budget 1n a
plurality of subsequent frames displayed by the elec-
tronic device.
14. The electronic device of claim 11, wherein the move-
ment of the electronic device 1s between a first position
determined at a time of the current positional relationship
and a second position determined at a time of the updated
positional relationship, further comprising:
determining a second correction when the movement of
the electronic device 1s above a threshold; and

combining a portion of the second correction with the
portion of the transformation correction, wherein the
portion of the second correction 1s less than all of the
ol the second correction.

15. The electronic device of claim 11, wherein the 1nstruc-
tions, when executed, cause the electronic device to perform
operations comprising;:

obtaining pairs of first position data and second position

data, the first position data corresponding to position of
the electronic device in the first coordinate system
obtained using a first technique and the second position
data corresponding to position of the electronic device
in the second coordinate system obtained using a
second technique;

determining transformations for the pairs, wherein each of

the pairs 1s associated with a transformation that defines
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a position relationship between the first coordinate
system and the second coordinate system based on the
first position data and the second position data of a
respective pair;

identilying a subset of the pairs based on the transforma-

tions, a subset of the transformations corresponding to
the subset of the pairs; and

determining the updated transformation based on averag-

ing the subset of the transformations.

16. The electronic device of claim 15, wherein the instruc-
tions, when executed, cause the electronic device to perform
operations comprising;:

obtaining 1mage data of a physical environment, wherein

the first position data and the second position data are
based on the image data of the physical environment.

17. The electronic device of claim 15, wherein the first
position data 1s based on a predetermined 1image and depth
data based 3D model of a physical environment 1n a global
coordinate system, and wherein the second position data 1s
based on a visual data and inertial data 3D model of the
physical environment in a local coordinate system.

18. The electronic device of claim 11, wherein presenting
the content comprises presenting virtual content indicators
that provide directions, 1dentily user selected positions, or
guide a user of the electronic device along a path based on
images ol a physical environment.

19. A non-transitory computer-readable storage medium
storing program instructions executable via one or more
processors to perform operations comprising:

presenting content on an electronic device based on a

current transformation that defines a current positional
relationship between a first coordinate system and a
second coordinate system:;
obtaining an updated transformation that defines an
updated positional relationship between the first coor-
dinate system and the second coordinate system:;

determiming a transformation correction based on the
updated transformation and the current transformation;
and

applying a portion of the transformation correction based

on movement of the electronic device, wherein the
portion 1s less than all of the transformation correction.

20. The computer-readable storage medium of claim 19,
wherein the istructions are further executable to perform
operations comprising;:

obtaining pairs of first position data and second position

data, the first position data corresponding to position of
the electronic device in the first coordinate system
obtained using a first technique and the second position
data corresponding to position of the electronic device
in the second coordinate system obtained using a
second technique;

determining transformations for the pairs, wherein each of

the pairs 1s associated with a transformation that defines
a position relationship between the first coordinate
system and the second coordinate system based on the
first position data and the second position data of a
respective pair;

identilying a subset of the pairs based on the transforma-

tions, a subset of the transformations corresponding to
the subset of the pairs; and

determining the updated transformation based on averag-

ing the subset of the transformations.
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